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TURBULENT SKIN FRICTION AT HIGH MACH NUMBERS AND REYNOLDS
NUMBERS IN AIR AND HELIUM

By Frep W. Marting, Dean R. CuapmaN, Jack R. Nyuorm, and ANDREW G. THOMAS

SUMMARY

Experimental measurements of local skin friction
in the turbulent boundary layer have been made over
a Mach number range from 0.2 to 9.9 and a Reynolds
number variation from 23X10°% to 100X108.  Flows
were two-dimensional over a smooth flat surface with
zero pressure gradient and with adiabatic conditions
at the wall. Air was used as the working fluid up
to a Mach number of 4.2 while helium was used from
a Mach number of 4.2 to a Mach number of 9.9.
Boundary-layer profiles‘at selected Reynolds numbers
were taken at all supersonic Mach numbers at which
tests were run.

An equivalence parameter for comparing turbulent
boundary layers in different fluids has been used and
experimentally verified. By means of this parameter,
experimental resulis obtained with helium have been
converted to equivalent air results.

Several methods of calculation of skin friction in
the compressible turbulent boundary layer have been
compared with experimental results.  Of the methods,
the intermediate enthalpy (T') method appears to
give answers closest to the experimental results over
the wide ranges of Mach and Reynolds numbers used.

INTRODUCTION

The history of research in the turbulent bound-
ary layer can probably be characterized fairly by
the statement that a tremendous quantity of
measurements have been made, but there is, as
yet, no complete theoretical formulation of the
problem. The lack of a satisfactory theoretical
treatment has, of course, created the need for the
large volume of measurements that have been and
are being made.

Formerly the principal regime of interest in
turbulent boundary layer research was in low

Mach number (i.e., incompressible) flow. The
older measurements have been well summarized
by Schoenherr (ref. 1), while later incompressible
experiments have been surveyed by Locke (ref. 2)
and Hughes (ref. 3). The most recent definitive
measurements in low Mach number turbulent
boundary layers were made by Smith and Walker
(ref. 4) who employed direct force measuring
techniques. It can be stated that the great mass
of measurements (particularly skin friction) in
low-speed turbulent boundary layers did fill a
real need in supplying design data in the fields
of naval architecture, hydraulic machinery, and
subsonic aircraft.

As power plants capable of propelling aircraft
at supersonic speeds became available, the field
of interest naturally shifted to turbulent boundary
layers in supersonic and hypersonic flows. Com-
pressibility effects in the high-speed boundary
layers introduced additional variables and param-
eters to the problem, thus increasing the number
of boundary conditions for which measurements
were desired. At the same time the insertion of
new variables and parameters has made the theo-
retical problem even more formidable. A number
of measurements of compressible turbulent skin
friction made in the last decade have been re-
ported in references 5 to 20, inclusive.

Almost all of the above referenced measure-
ments were taken over a range of Reynolds num-
bers and Mach numbers which is small compared
to that encompassed by current vehicles. The
present program of research was initiated at the
Ames Research Center in order to secure data for
turbulent skin friction at high Mach and high
Reynolds numbers where no previous data have
existed. These data were obtained by direct
force measurements for adiabatic wall conditions.
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The program included the construction of a special
apparatus, a 1- by 10-inch boundary-layer chan-
nel, with provisions for using both air and helium

as test media.

In connection with using helium,

it was necessary to determine the equivalence of
air and helium in the turbulent boundary layer.
This is covered in some detail in later sections.
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SYMBOLS
area
speed of sound
. . « g Tw
cocfficient of local skin friction, 2 U2

cocfficient of local skin friction for incom-

pressible flow
—Po

@

: P
pressure coeflicient,

specific heat at constant pressure

specific heat at constant volume

enthalpy per unit mass

coefficient of thermal conductivity

length from nozzle throat to center of
skin-friction element

characteristic reference length

Mach number

equivalent air Mach number (sce eq. (9))

static pressure

e
Prandtl number, %

¢
turbulent Prandtl number, —;’\e

convective heat-transfer rate per unit area
in the boundary layer in the y direction

turbulent heat-transfer rate per unit area
in the y direction

YPM

2
dynamic pressure, 2 —=, or (1/2)p,,U.?

gas constant

Reynolds number based on L, Uepol:

@

Reynolds number based on I, %

©

Reynolds number at skin-friction element
measured from transition point,
Upo(L—2) Ugpo2

Fo e
Reynolds number based on wall properties,

Uopul (0r Unput when m:l>
12 M

static temperature, °R
static temperature, °F

U,

Ur

Tir

Y

nr

Tturd

~

turb
tr

w
aw

ADMINISTRATION

velocity components in the & and y direc-
tions, respectively

w

friction velocity, /-2

w

. . LU
dimensionless velocity, .
T

free-stream velocity

coordinate parallel to free-stream flow
direction and length from transition
point to center of skin-friction element

length from nozzle throat to transition
point

coordinate perpendicular to the wall

. . . YU,
dimensionless ¥ coordinate,

w

. . ¢
ratio of specific heats, }-"

-’
inerement of a quantity (c.g., AM)
boundary-layer thickness
Teurd
dujoy
dimensionless coordinate perpendicular to

the wall, %

eddy viscosity,

recovery factor Tor=Ts
cove T T
14 ©

boundary-layer momentum thickness,
s
o %
(1
fopmum v.)"™

7% SO —Qturb
eddy diffusivity, sz~
y Y, oT oy
viscosity
. ...
kinematic viscosity, ;
dimensionless coordinate parallel to free-
stream flow direction, 7

mass density
shear in the boundary layer
turbulent shear in the boundary layer

SUBSCRIPTS

free-stream conditions at element location
local total conditions, for example,
Y

po=p(1+75m00)
turbulent
transition point
wall conditions
adiabatic wall conditions
gas other than air
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SUPERSCRIPTS

*  reference conditions with the 7’ method, or
fluctuating quantities in turbulent flow

— time mean quantities in turbulent flow

~ dimensionless time mean quantities normal-
ized with respect to the corresponding tfree-

h

stream quantity, for example, 7L=}7~

<3

CONSTANT-PRESSURE TURBULENT BOUNDARY
LAYERS IN DIFFERENT CASES

ANALYSIS OF EQUIVALENCE

The purpose of the analysis which follows is to
develop the conditions of equivalence for turbu-
lent boundary layers in different gases with con-
tinuum flow. To do this the equations of motion
and energy will be expressed in dimensionless
form and the resulting dimensionless parameters
and boundary conditions studied.

The equations of the constant pressure, steady
state, compressible turbulent boundary layer fur-
nish a convenient starting point when put in the
following form (ref. 21):

Continuity:

ab(pu+p U )-l-——’(P v4p'v />:0 M

x-momentum:

(srt+7w ) Sot (55477

Energy:
- =T QE —= | T QE
(pu-l-p u>am+ pv+pv>ay

__z% [(X+/‘c) 5% T(E)]+ (e+n) (g—zy 3

gZ by[<_+) ]
(2

Equations (1), (2), and (3) can be written in
dimensionless form if all quantities are normalized
with respect to free-stream quantities (e.g.,
p="0/pe, u=1u/Ua, etc.):

Continuity:

az<3~+pwU o (7’~+me> 0

X-momentum:

(5“+

o
on

- = [( 3] @

+<7,~+ o

where
~ €
€
“m
Energy:
~~ —~ 3
(5 +"“ +(p +“’ o
n

1
" Re, On [(Prmb Pr)

U\ v~ [(OUY
+§£; <—h—w—> (F+) a—n> (6)
These dimensionless equations are subject to the

following boundary conditions on velocity and
enthalpy:

R, 0)=h,
U, ©)=1 k(g =)=1

Two turbulent boundary layers will be equiva-
lent (dynamically similar) when the dimensionless
differential equations and dimensionless boundary
conditions for the two boundary layers are identi-
cal. Examination of equations (4), (5), and (6)
shows that equivalence can be expected to exist
between turbulent boundary layers in different
gases when the following dimensionless parameters
and variables are matched:

Re, )Controllable parameters, required for
U,k |matching certain coefficients of the differ-
};w ential equations and the boundary condi-
Jtions on enthalpy.

}3(7L) State variables, required for matching the
Pr(h)
n(h) |transport properties.

(ZZ) (&m) )
<Z—/li> &m p

e(tm)
Prturb(Eyn) J

As listed above, the parameters and variables are

thermodynamic state and the laminar

Turbulence variables, required for
matching the eddying motion rep-
resented by the fluctuation terms
in the differential equations.
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divided into three groups: the controllable param-
eters which can be matched by control of test
conditions; the state variables which may or may
not be matched, depending on the particular
thermodynamic and transport properties of a
given gas; and the turbulence variables, the
matching of which must be determined by experi-
ment. Experimental results are neceded since
there are available no exact analytical expressions
for the turbulence variables which apply through
the entire boundary layer. (As a consequence
there are no analytical solutions of the system
of equations (4), (5), and (6).) Although the
turbulence terms can be measured from point to
point in comparing two boundary lavers, it is
probably more convenient simply to measure the
over-all effects of these variables on more readily
measured quantities such as skin friction and
boundary-layer profiles; the latter method is
used herein.

In setting up equivalent turbulent boundary
layers in two different gases, some of the para-
meters and variables can be easily matched
while the matching of others presents difficulties.
The controllable paramecters can be exactly
matched between two turbulent boundary layers.
The threc controllable parameters, Re;, U.%/ha,

hy, can be thought of as three independent dimen-
sionless energy ratios obtained from six dimen-
sional boundary values, U., he, pe, e, hw L
The Reynolds number, Re,, represents the ratio
of inertial to viscous encrgics in the free stream;
U.*lhe is double the ratio of kinetic encrgy to

enthalpy in the free stream, while A, represents
the ratio of wall enthalpy to free-stream enthalpy-.
Even without recourse to the differential equa-
tions, it is clear that dynamic similarity between
two turbulent boundary layers would not be
possible unless these energy ratios were matched.

The matching of the state quantities, j(k),
Pr(h), u(h), depends on the gases being compared.

a. The quantity, 5(h), will be well matched
when the gases being compared do not deviate
greatly from perfect gases. For thermally perfect
gasecs at constant pressure:

" dh
o a1
P(h)=~_~“=—oﬁp%’=”: 7
Tay (" dh @
o Up(h)

If the gases are also calorically perfect:
~ > 1 2
5(h)== ©)
h

b. The Prandtl number is nearly constant and
is approximately the same for all gases in the

absence of imperfect gas effeets; hence ]’r(z,) will
generally be well matched.

c. The dimensionless viscosity, i(h), is a param-
eter which, in general, may not he perfectly
matched between two different gases.  However,
this match can be reasonably well approximated
by the selection of gases and temperature levels.

There is no effective method of predetermining
that the individual turbulence variables can
actually be matched at all corresponding points
in two boundary layers. However, it is known
that if true dynamic similarity exists, the dimen-
sionless differential equations (with boundary
conditions) will be identical for two boundary
layers. As a consequence, the coeflicients of
local skin friction, C;=7./(¥%)pU.2% and the
dimensionless velocity profiles, @(¢, #), must be

the same for the two boundary layers. <'J‘hc

right-hand side of cq. (5) may be writlen as
10
20
ing that the C/s and the dimensionless velocity
profiles are identical, it ean be concluded that a
necessary condition for dynamic similarity has
been fulfilled. In the strict sense this is not
sufficient to prove dynamic similarity, but one is
encouraged to believe that dynamic similarity
exists in this ease for all practical purposcs.

The analysis above has been coneerned only
with turbulent boundary layers, but it is of
interest to note that for dynamic similarity
between laminar boundary layers (at zero pres-
sure gradient) in different gases, the quantities
that must be matched are the controllable param-
eters and the state variables as listed above.
This may also be seen by inspection of Crocco’s
equations for the laminar compressible boundary
layer (ref. 22).

T
—— ') By experimentally determin-
[(%) P Uz Y e Y

EQUIVALENCE WITH PERFECT GASES

When specialized for constant-pressure turbu-
lent boundary-layer flows of thermally and
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calorically perfect gases, the similarity parameters
and variables appear in the following form:

Re; h
(y—1)M_? »Controllable parameters
Ty )

(T )

Pr(f’) \ State variables

(7))
(pi/g;>(£’ ) ’
(pg’gm)@, ”

()
Prturb(é} 77) J

\ Turbulence variables

Since air is the gas of principal interest, it is con-
venient to equate the Mach number parameter,
(y—1)M.2 for a gas other than air, to the param-
eter in air and to define an equivalent air Mach
number, M,.

('Yg— 1)Mg2: (’YAir_ 1)Ma2

Ma=Mg\/ 7] ©

Yair—1

Thus, a gas, g, flowing at an actual free-stream
Mach number, M,, has an equivalent air Mach
number, M, as defined by equation (9).

It is of interest to consider the validity of the
parameter, (y—1)M.? for flows other than
constant-pressure turbulent boundary layers. As
noted above, this parameter is valid for either
laminar or turbulent boundary layers at constant
pressure. It is also valid for comparing two
boundary layers with matched dimensionless pres-
sure gradients. However, in this case the dimen-
sionless differential equations must be normalized
with respect to constant reference quantities, not
to the local free-stream quantities. The param-
eter, (y—1)M.? is not valid for external flows.
This means that in matching dimensionless pres-
sure gradients around two bodies in external

flows, the bodies must, in general, have different
shapes.
EQUIVALENCE OF AIR AND HELIUM

If air and helium are considered perfect gases in
the constant-pressure turbulent boundary layer,
the parameters and terms that must be matched
for dynamic similarity are those listed in the
previous subsection.

General comparison.—The controllable param-
eters, Re; (y—1)M.? and T,, can easily be
matched between an air and a helium boundary
layer. It is of interest to note that for adiabatic
boundary layers, the boundary condition on T,
is automatically matched when the Mach number
parameter, (y—1)M.? is matched for gases with
equal recovery factors. (As reported in appendix
A, the recovery factors for air and helium were
found to be essentially the same.) The equiva-
lent air Mach number for a helium flow may be
written as (eq. (9)):

M,=Ms, \/ ”’He_i ~1.20Mx. (10)

Yair—

The state variables that should be matched are
the quantities, »(7), Pr(T), and (7). The
dimensionless density, »(7) is equal to 1/ T for
both air and helium when they are considered
perfect gases. The Prandtl number, Pr(T), will
be approximately matched between air and helium
over a considerable temperature range as shown
in figure 1. The figure also shows that the Prandtl
number for both air and helium varies slowly with
temperature over a wide temperature range (refs.
23, 24, 25). (In the regime of continuum flow
calculations, the Prandtl number is often taken as

90

.85
\/Helium

1| .80
& ik \\‘\\ Air
N
~N

65

0 200 400 600 800 1000 1200 400 1600 1800
nR

Freure 1.—Prandtl numbers of air and helium.
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Fraure 2.-—Viscosities of air and helium.

constant.) The dimensionless viscosity, ,ﬂ(j’),
cannot be exactly matched between air and helium.
Figure 2 shows a logarithmic plot of viscosities
of air and helium. The slopes of the curves rep-
resent the exponents in a power law for viscosity
and indicate the degree ot matching of dimension-
less viscosities.

For air at high temperatures:

T~ (D)o
For air at low temperatures:
i~ (D)0

The dimensionless viscosity of helium over a wide
temperature range may be closcly approximated as:

%~ (iv)o.m

It is of interest to observe from the figure that at
the higher Mach numbers, the dimenstonless vis-
cosity of air at ordinary wind-tunnel temperatures
does not perfectly match air at flight temperatures.
It is also seen that the dimensionless viscosity of
helium matches air at flight temperatures and
high Mach numbers better than does air at
ordinary wind-tunnel temperatures.

As mentioned in the subscction, Analysis of
Equivalence, it is not possible to know in advance
whether the turbulence terms,

(,55;) (&), (%Z) (Em), €Em)y Prous(Em)

arc actually matched between an air and a helium
turbulent boundary layer. It dynamic similarity
between an air and a helium turbulent boundary
layer can be demonstrated experimentally, it
should be concluded that the turbulence terms are
sufficiently well matched.

Specific comparison.—In attempting to set up
equivalent air and helium boundary layers in a
wind tunnel, at ordinary wind-tunnel temperature
(e.z., T,=600° R), one quantity that will have an
appreciable mismateh in a portion ot the boundary
layer is the dimensionless viscosity, i(T). This
mismatch is most serious at the wall (e.g., with
M,=4.2 and T,=600°R, ﬁ,pmrzl.f} ﬁ,,)uc). When
the dimensionless equations of motion (4), (5),
and (6) are considered, it 1s seen that a mismatch
in 2(7) must have some effect on the other quan-
tities, but the magnitude of the effeet is diflicult
to estimate. (In vef. 26 it is predicted that a
mismatch in & will have a small effect on turbulent
skin friction, but a large effect on laminar skin
friction.) In equations (5) and (6) the product
(1/Re))i occurs, This can be written

(1/]1’0,)%:([1//.1");"(]/[l’(’,,) (1 1)

[/’Yoopu'l

where Re,=

» is the “wall property” Reyn-

w

olds number. The product (1/Re)i can be
matched in any selected portion of the boundary
layer by mismatching fe; to compensate for any
mismatch in g. It has been thought that (1/Re)k
should be matched somewhere in the sublayer
(possibly at the wall) as this should be the region
where viscosity is most important. (Away from
the wall € becomes much larger than z so that &
should be less important away from the wall)

The method of matehing (1/Re))i near or at the
wall is easily seen by referring to equation (11).
Near the wall p/u, will be nearly unity, hence
g/ur will be reasonably well matched regardless ot
the gas. The dimensionless density 5, is matched
between two flows being compared at the same
M, and T,. Tt is, then, neeessary to match e,
in order to securc a good match of (1/R¢;)fi near
or at the wall. This results in a poor match of
(1/Re)i away from the wall (where [ is possibly
notimportant). The practical question of whether
(1/Re))i should better be matehed near the wall
or in the free stream can be best answered ex-
perimentally by determining whether measured
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C; values correlate with Re; or Re, (it either).
(Obviously, if there were no mismatch in %, this
question would not arise and it would then be
immaterial whether Re; or Re, were used in the
comparisons.)

In determining the practical equivalence of
turbulent boundary layers in air and helium, it
will be useful to consider boundary-layer profiles
with the variables in several forms. The dimen-
sionless velocity, %, may be written as:

~ M 7
This means that M/M., will be equal at corre-
sponding points in two perfectly equivalent
boundary layers. (The M values themselves in
the air and helium boundary layers will be in the
ratio =1.29 at corresponding points.) Also, cor-
responding points in two perfectly matched bound-

ary layers are at equal values of y/8 which can be
shown as follows:

y_nl_ ull
Tl ap | eedn
y_ 1

'
" ap o

The relations above are for perfectly matched
boundary layers. In view of the mismatch in &
between air and helium at wind-tunnel tempera-
tures, it is desirable to compare experimental
profiles to assess the effect of the p mismatch and
to assist in determining whether equivalence can
be considered to exist for practical purposes.
Profile comparisons can also be made using
YU,
Vu

w¥*=ufu, and y*= as coordinates, with the

{riction velocity, u., defined as:

r
Ur=[ "
Pw

The quantities, u* and y*, as defined, are nor-
malized with respect to wall properties. The
equations for u* and y* can be written as:

~

—_ ——-————u —
VO 2y T

u*

567524—61 2

=77\/%\/ER61,,

From this it is clear that if two boundary layers
are perfectly equivalent (having equal values of
Cr and T, and equal values of % at corresponding
points), the quantity, »*, will be matched at corre-
sponding points. The quantity y* will be matched
at corresponding points if C;is shown to correlate
with Re, for two boundary layers. On the other
hand, if C, correlates with Re; for two boundary
layers, then the y* values between air and helium
boundary layers will not be matched at corre-
sponding points (at wind-tunnel temperatures)
because of the mismatch in %, At a total tem-
perature of 600° R and an M, value of 4.2 (giving

fwgy, 1.5 fuy,), the mismatch in y* values will
be y*me=~1.5 y*a, for corresponding points. Ex-
perimental profiles showing the variables in the
several forms mentioned above should (in addition
to skin-friction measurements) assist in deter-
mining whether it is hetter to compare on an Re;,
or an Be, basis.

ADVANTAGES Of USING HELIUM

As 1s well known, it 1s difficult to obtain high
Mach numbers and high Reynolds numbers simul-
taneously with air in a wind tunnel. In order to
avoid condensation, it is necessary to heat the air,
with a resulting loss in density and Reynolds
number. It seems desirable, then, to use a gas
such as helium that does not condense at the high
Mach numbers of interest. As pointed out earlier,
helium under wind-tunnel conditions provides a
good simulation of air under flight conditions pro-
vided imperfect gas effects ave not significant.
As shown in figure 3, for a given total pressure,
higher Reynolds numbers can be obtamed at
hypersonic Mach numbers with helium than with
air in a wind tunnel. As an example, at an equiva-
lent air Mach number of 10, the Reynolds number
factor in favor ot helium is about 13 to 1. (This
factor has a slow dependence on pressure when
the total temperature of air is taken as the mini-
mum necessary to avoid condensation at a given
Mach number; in figure 3 a total pressure of 1000
psi was used.) This advantage of helium is due
to several factors, the principal one being that no
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Ficure 3.—Variation of Reynolds number per foot with
equivalent air Mach number for air and helium; p,=
1000 psi.

heating of heclium is required. Other factors
that contribute to this result are the different
ratios of specific heats, and the fact that with
equal equivelent air Mach numbers, testing in
helium can be conducted at a lower actual Mach
number.

APPARATUS AND TEST CONDITIONS

THE 1- BY 10-INCII BOUNDARY-LAYER CHANNEIL

The 1- by 10-inch boundary-layer channel was
designed to provide high Mach numbers and high
Reynolds numbers simultancously. In figure 4
the test domain of the boundary-layer channel is
illustrated in terms of Mach number and Reynolds

20

. Range of present data

2
M
8
o
a o, CONtinuOUS flight” -
Y
0 o

100 1000
Reynolds number, Ae, , Millions

F1cURE 4.—Test domain of the 1- by 10-inch boundary
layer channel.
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number. For purposes of comparison, also shown
is the so-called corridor of continuous flight, which
is the approximate Mach number Reynolds num-
ber range for continuous, sustained flicht of air-
planclike vehicles. (A characteristic length of 50
fect was used in the caleulation; the upper bound
of the corrvidor was taken at an equilibrium sur-
face temperature of 2000° I, and the lower bound
was estimated using a dynamic pressure of 100
psf.)  Most previous skin-friction data were taken
in the area to the left and below the lower bound-
ary of the corridor of continuous flight. It is
seen that the boundary-layer channel has extended
the Mach number Reynolds number range mto a
regime of considerable interest. In order to cover
the range shown, air was used as the working fluid
up to & Mach number of 4.2, and helium was
used from equivalent air Mach numbers of 4.2
up to 9.9.

A sketeh of the equipment layout is shown in
figure 5; figure 6 is a schematic drawing of the
test region; and figure 7 is a photograph of the
equipment. Although this apparatus is called a
channel (because of its dumensions), the scries of
tests being veported were not for channel flows.
During the present series of tests, there was always
a core of potential flow between the top and the
bottom boundary layers.

The 1- by 10-inch boundary-layer channel is a
blowdown type wind tunnel. The gas used as a
workmg fluid is stored at 2400 psi in two 40,000
cubic foot capacity gas trailers. As shown in
figure 5 the gas flows from the trailers through
the inlet line into the heat exchanger, and then
into the settling chamber of the tunnel at the
desired temperature and pressure.  The total pres-
sure (measured in the settling chamber) was con-
trolled by valves ncar the trailers. The total
temperature was controlled by means of a heat
exchanger consisting of a thermal mass of 3,000
pounds of copper tubes. All heating of the ther-
mal mass was performed prior to running in order
to preset the desired total tempervatures. Runs
were terminated when the heat exchanger could
no longer maintain the preset total temperature.
In the present sevies of tests the totas temperature
was presct relative to the ambient wall tempera-
ture in the tunnel test seetion so that the boundary
layers were adiabatic at the walls.  This procedure
gave total temperatures for all runs of approxi-
mately 600° R. (See appendix A))
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Fieure 5.—Schematic drawing of boundary-layer channel and associated equipment.
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Frcure 6.—Details of test region of boundary-layer
channel.

The tunnel dimensions (fig. 6) were designed to
give an essentially two-dimensional flow. The
top plate of the tunnel is completely flat; the
nozzle contouring is entirely on the bottom wall.
Four interchangeable nozzles were used, three
contoured for supersonic flows and one (a flat
plate) for subsonic flows. Mach number and
pressure gradient settings were made by the selec-
tion and adjustment of the interchangeable nozzle
blocks. Reynolds number control was obtained

by varying the total pressure for a given tunnel
geometry.

As shown in figure 5, the apparatus has two
exhaust routes available, atmospheric and vacuum.
During supersonic running, the exhaust was al-
ways to the vacuum exhaust system. An opti-
mum compression ratio was achieved by means
of an adjustable second throat. The atmospheric
exhaust was used for subsonic running. For the
subsonic runs, Mach number control was obtained
with the (supersonic) diffuser throat operating as
a sonic choke downstream of the test section.

In the series of tests conducted, the Mach num-
ber and Reynolds number were varied to the limits
of the present capability of the equipment. The
upper limit of the Mach number (and the lower
limit of the Reynolds number at a given Mach
number) were determined by the exhaust system
back pressure (compression ratio available), while
the maximum Reynolds numbers were dictated by
safety considerations. The maximum settling
chamber pressure was 700 psig for supersonic flows
and 310 psig for subsonic flows.
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SKIN-FRICTION ELEMENT

Local skin friction was measured directly by
means of the skin-friction element shown in figures
8 and 9. The element consisted of a disk 24
inches in diameter suspended from two flexures.
The streamwise foree on the disk was measured by
means of a differential transformer. The trans-
former itself maintained a fixed position while two
iron magnetic return pieces on the disk completed
the magnetic eircuit.  All of the metal parts of the
element not in the magnetic eircuit were made of
K-monel. In the necutral position, the gap be-
tween the disk and its housing was 0.005 inch.,
The element hiad no nulling deviee and simply
deflected under load.
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The top face of the disk was formed as a dash
pot which contained 1000 centistoke silicone oil as
a damping fluid. The disk in its mounting was
electrically insulated {from the element housing so
that an eleetric fouling meter could be used to
indicate contact between the disk and the housing.
The mounts for the flexures constrained the ends
of the flexures to remain parallel and vertieal.
This meant that the disk was constrained to re-
main parallel to its no-load position (horizontal).
Interchangeable pairs of flexures were calibrated
and used for different loading ranges. The
approximate force at a full load deflection of ap-
proximately 0.005 inch for the pair of flexures used
for most of the tests was 0.1 pound. The disk
was determined to be flush with its housing to
within 10 microinches by means of an optical
interferometer. Subsequent tests to determine
flushness requirements showed that for a Mach
number of 4.2, the element disk could be displaced
as much as 200 microinches in or out of the housing
with no noticecable change in skin friction. The
surface of the disk was finished to 2 microinches,
the housing to 4 microinches, while the top plate
of the channel was finished to 15 microinches.
These finishes were selected to provide “hydraulic-
ally smooth” surfaces over the range of variables

TECHNICAL REPORT R—82—NATIONAL AERONAUTICS AND SPACE ADMINISTRATION

measured by means of optical flats and on the top
plate by means of a profilometer.  Twelve static
orifices in the gap surface of the housing surround-
ing the disk provided pressure data for caleulating
the buoyancy force on the disk.  These pressures
were read on a small manometer board near the
element which used 10 centistoke silicone oil.

The output of the differential transformer was
fed into a bridge circuit servo with a digital read-
out. The electrical circuitry is shown in figure 10.
The calibration of the element and servo combina-
tion showed a repeatability of 0.1 percent of the
full Joad reading and was nearly linear over the
full range (departed approximately 2 pereent from
lincarity at full load). Over the range of tem-
peratures used, the temperature cffeet on the
calibration was almost negligible.  (Calibration
curves taken at 40° I and 83° F showed a slope
difference of approximately % percent.) A deserip-
tion of the clectrical cireuitry of the element and
servo 1s given in appendix B.

GENERAL INSTRUMENTATION

Static-pressure  distributions  were  obtained
through orifices in the top plate of the tunnel (fig.
11). The orifices were connected to a 30-tube
manometer board that used 10 centistoke silicone
oil and was referenced to a near vacuum. "The

+300v

tested. The finishes on the disk and housing were
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Freure 10.—Circuitry of skin-friction element and servo.
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Fieure 11.—Plan view of test-section top plate.

total pressure was measured at the settling cham-
ber with a Bourdon gage. Impact pressures in
the potential flow core were measured by two fixed
probes connected to pressure transducers which
were electrically connected to bridge-type servos
with digital readouts. Boundary-layer impact
pressures were measured by two movable probes

connected to pressure transducers, and located

1% inches on either side of the element center line.
The boundary-layer probes were flattened tubes
with an inside height of 0.002 inch, an outside
height of 0.004 inch, and a width of 0.045 inch.
The traversing of the probes was controlled re-
motely and could be positioned to within 0.002
inch.

Temperatures were measured at 17 locations
including the settling chamber, the skin-friction
element, several locations and depths in the top
plate, the manometer boards, and the heat ex-
changer. Iron constantan thermocouples with
self-balancing potentiometers were used. The
settling chamber temperature was continuously
recorded.

PROCEDURE AND DATA REDUCTION

Tests conducted were of three types: skin-
friction tests, transition tests to determine the
virtual origin of the turbulent boundary layer,
and boundary-layer surveys.

SKIN-FRICTION TESTS (AIR AND HELIUM)

Skin-friction tests in air were performed at both
subsonic and supersonic Mach numbers while the
tests using helium as the working fluid were made
at supersonic Mach numbers only. The quan-
tities directly measured were: the force on the skin-
friction element, the total pressure (in the settling
chamber), impact pressures (usually 2) in the
potential flow core near the element, the static
pressure at the skin-friction element, 12 buoyancy
pressures around the element disk, 30 static pres-
sures on the top plate of the test section, the total
temperature (in the settling chamber), and other
temperatures of interest.

The free-stream Mach number, M., and the
dynamic pressure, ¢., were obtained from the
measured static and total pressure and the usual
isentropic flow equations. The exisvence of an
isentropic core was verified by a comparison of
impact pressures calculated from isentropic and
shock relations with measured impact pressures.
These pressures agreed within 4 percent.

In the determination of Reynolds number, the
length used was from the virtual origin of the
turbulent boundary layer. The determination of
the virtual origin is discussed in the following
subsection. For the viscosity of air (fig. 2),
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Sutherland’s formula in the following form was
used (refs. 27 and 28):

T3/2

w=2.210 75775576

X10~41b sec/ft? (12)
For helium, in the temperature range at which
tests were run, the viscosity-temperature relation-
ship used was (fig. 2):

p="7.35T"%107°1b scc/ft? (13)

This formula is based on a faired curve through
available experimental data (ref. 24).

The buoyancy foree on the disk of the skin-
friction element was obtained by numerically
integrating the strecamwise component of forces
due to the pressures acting on the effective
projected arca of the disk. The following sketch
shows the disk dimensions and orifice locations:

~—[ =01875"

/,/i-”——o.os“

4
+ —Effective projected
areo

Orifice numbers: I-12

Defining the buoyancy force, Fyy,, as positive
in the upstrcam direction, and defining Fpa
as the total foree sensed by the disk of the skin-
friction element, one can write:

1 Al
T1vA:Fskivz friction:Floml_{_ Fbum/

where A is the flat surface area of the disk.
The experimentally obtained ratio of the buoy-
ancy force to the skin-friction force, Fiyuoy/Firin
sriction, 88 & function of Reynolds number for the
various Mach numbers used is shown plotted in
figure 12. It is seen that the buoyancy forces
were relatively small except for the case with
M,=6.7 (scc subscction below entitled Accuracy).
The coeflicient of local skin friction, (7, is given
by the defining equation:

C=g" (14)
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Fratre 12.—Relative magnitude of buoyaney foree on
skin-friection element.

Tests at a given Mach number were conducted
with a fixed nozzle and test-section geometry.
Consequently, there was a slight variation in
Mach number with Reynolds number as a result
of the wvariation in boundary-layer thickness as
shown in figure 13. In order to present skin-

10+ © Ar M;=020 ——a-ooﬂlrtr—r_lr—lf
L L0 ar 295
;’ <O Helium 4.2
2 8 o ar 42
2 [ o Helum €7 4 ata ) h
5 6+ 0o Helum 99
s L
£ i\ \(J() 5 A (7\@05@654 J.0.Y'a¥a' WalaVaTaV/aV %M
I LLD—J;ArD——Dﬁ = Frmfroﬁ:njmJJmD—cy
22
2
i
o o o ol oo o)

3 4 56 810 20 30 405060 80 100
Reynolds number, Ae,, millions

¥

Fravre 13.—Variation of tunnel Mach number with Reyn-
olds number for various nozzle settings.

friction results at fixed values of Mach number,
the measured skin-friction coefficients were cor-
rected by means of the following expression:

P All)
AC _<AMm AM.

Although the factor (AC'/AM.) could have been
determined by experiment, it was more conven-
iently determined by the T7 method (ref. 19).
Any errors introduced by this procedure are
unimportant since the corrections were always
less than 1 percent.
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TRANSITION TESTS TO DETERMINE THE VIRTUAL ORIGIN

As noted previously, the length used in the
calculation of Reynolds numbers was taken from
the approximate location of the virtual origin of
the turbulent boundary layer to the center of
the skin-friction element. In locating the virtual
origin for supersonic flows, it was elected to
determine the point of maximum local skin fric-
tion, which is known to be near the point of
transition (ref. 29). The point of maximum
local skin friction was determined by means of
impact probes at the wall. These probes were
hollow needles of 0.020 inch diameter with a
slot of height 0.002 inch for pressure-sensing.
The needles were fitted in the top plate static
orifices and were adjusted so that the slot just
cleared the wall surface. The impact probes at
the wall were located in fixed positions on the top
plate and the total pressure was varied. It can
be shown that:

Vap

Cr= PRE

where Ap is the difference between the impact
pressure sensed by the probe and the local static
pressure, p, is the settling chamber pressure, and
k 1s a proportionality constant. This crude
approximation was adequate for the purpose used;
1t was not necessary to calibrate the probes, since
the only interest was in knowing whether the

“ boundary layer was laminar, turbulent, or in

transition. For each x-station at which the probes
were placed, a plot was obtained as illustrated in
the following sketch:

<~ Point of maximum Cr
\

tog (~Cr)

My,= constont

7t = constant
Probe location = constont

P

From the group of plots typified by the sketch
above, a plot was made (for each Mach number)
showing the location of the point of maximum
local skin-friction as a function of the total

567524-—61——3

pressure. This type of plot is illustrated in the
following sketch:

Mgz constant

73 = Constant

Xy, =Distance from nozzle throgt
to point of moximum Cf

P,

With decfeasing total pressure, p, the point of
transition moves downstream and eventually
reaches the element itself. Data were not reduced
or reported where transition was completed at a
distance closer than 8 inches upstream of the
element’s center. This distance corresponded to
approximately 4 disk diameters or to a minimum
of approximately 12 boundary-layer thicknesses.
This distance limitation was selected because it
was felt that the turbulent boundary layer was
probably not in equilibrium (free from historical
effects) over shorter distances. Another factor
in selecting an 8 inch minimum length of run was
that the disk diameter was required to be small
relative to the length of run of the turbulent
boundary layer, inasmuch as the coefficient of
local skin friction as calculated and reported was
actually an average value over the disk area. /

In order to have a convenient method for con-
verting from Rey, to Re,, the data typified by the
preceding sketch were replotted into a working
plot in figure 14 with Re, as abscissa, and Re,/Re,
as ordinate. The ordinate is thus a factor to be
multiplied by Re;, to obtain the Reynolds number
measured from the virtual origin, Re,. The
dotted extensions of the curves are extrapolations
based on a constant Reynolds number of transi-
tion which was taken as the value obtained at the
farthest upstream station at which measurements
were made. These Reynolds numbers are as
indicated in the figure. It is seen in figure 14
that the Reynolds number factor is nearly unity
at the higher Reynolds numbers. This means
that with supersonic flow at high Reynolds
numbers the virtual origin was close to the nozzle
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Ficure 14.—Factor for determining Reynolds number

measured from the virtual origin.

throat. Except at M,=9.9, the great bulk of
skin-friction data were obtained at Reynolds
numbers greater than shown on figure 14. For
these cases Re, was obtained by subtracting from
Re,, the Reynolds number of transition (as labeled
at the tops of the curves).

With subsonic flow, a different procedure was
used for obtaining the virtual origin. The probe
technique described above showed that, at the
Reynolds numbers of interest, transition occurred
ahead of the orifice farthest upstrcam in the top
plate. For calculations of Reynolds number, the
point of transition was taken to be the junction
of the sharply converging transition section (fig.
6) and the flat plate scetion. This point was 2.60
inches upstrecam of what would have been the
location of the nozzle throat for supersonic runs
(fig. 11).

BOUNDARY-LAYER SURVEYS

Boundary-ayer surveys at the longitudinal
position of the skin-friction element were obtained

at each of the supersonic Mach numbers and at
selected Reynolds numbers.  The surveys were
performed by the usual method of pitot traversing.
Frequently  two surveys were taken simulia-
neously, one on each side of the skin-friction
element. The momentum thickness, 8, was ob-
tained from the defining equation (see symbols)
by graphical integration. Constant statie pres-
sure, constant total temperature (settling chamber
temperature), and constant specific heats across
the boundary layer were assumed in the calcula-
tion of w and p through the boundary layer and

) . U YU
of 6. In the caleulations of u*=— and y*=‘/~7;
Us Ve

. . . T
the friction velocity was caleulated as u,==~/~%
Puw

where 7, was measured by the skin-friction
element.
ACCURACY

An effort was made to use procedures that would
give the best possible accuracy of data from the
equipment. To keep random errors within small
bounds, skin-friction measurements with air were
repeated five times, and data with helium, three
times. The seatter of the €, data indicated a
probable random error of approximately 2 percent.
Possible sources of systematic errors arose from
the correction for the buoyancy force, from the
effects of a small or irregular pressure gradient,
and in the calculation of Reynolds number. The
contributions of these systematic errors will be
considered in the estimate of the over-all accuracy
of C,.

An error in the buoyancy force correction could
have been introduced through not knowing
exactly the effective area on which the buoyancy
pressures acted, and in not knowing the buoyancy
pressure over every infinitesimal element of area.
It is estimated that the buoyancy force is in error
by less than 10 pereent. Since the buoyancy
force was generally less than 5 pereent of the skin-
friction forece, and never more than 22 percent
(fig. 12), the error in the skin-friction cocflicient
due to buoyancy force error is probably less than
2 percent.  As a check on this, a number of skin-
friction tests were run at a Mach number of 4.2
using a disk in the skin-friction element with a side
projected area of four times that used in the regular
tests. This disk gave buoyancy forces that were
approximately 20 percent of the skin-friction
force, but the skin-friction cocflicients obtained
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with the two disks checked each other within 2
percent. From this experience, it is believed that
the buoyancy forces at a Mach number of 6.7 were
not excessive. (The irregularity of the buoyancy
force trend at this Mach number shown in figure
12 is believed to be due to a slight wave pattern
in the flow.)

The deviations of static pressure from zero
pressure gradient as obtained in typical tests are
shown in figure 15. The small wave pattern at
M,=6.7 can be seen. Also shown is a small favor-
able pressure gradient at M,=2.95. Deviations
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Ficure 15.—Typical static-pressure distributions for
Re,=~ 26X 108.

from zero pressure gradient of these amounts were
used in a special series ol tests at M,=4.2 in order
to determine the effect of small pressure gradients.
It was found that the change in C} from the zero
pressure gradient case was less than the small
scatter of the data. It is believed that all of the
data have a probable error in (', due to pressure
gradient of less than 2 percent.

Errors in the calculation of Reynolds number
would have been almost entirely due to errors in
estimating the location of the virtual origin. The
true location of the virtual origin was probably
slightly upstream of the point of maximum C,
which was used for supersonic flows. It seems
almost certain that the virtual origin for super-
sonic flows was never upstream of the nozzle
throat. (In any case the boundary layer had to
be very thin at the nozzle throat.) With super-
sonic flows at the highest Reynolds numbers, the
point of maximum C; (except at M,=9.9) was
close to the nozzle throat (fig. 14). It is believed
that the probable error in Reynolds number must
have been appreciably less than the quantity,
1—(Re,/Re;) (fig. 14). The probable error in
Reynolds number, then, is small for data at
Reynolds numbers near the upper ends of the
curves in figure 14 (except at A/,=9.9). As noted
previously the bulk of skin-friction data were
obtained at Reynolds numbers greater than shown
in figure 14 (except at M,=9.9), so that probable
error in Reynolds number for all these data must
have been small. 'With decreasing Reynolds num-
bers the quantity, 1— (Re,/Re;), and hence the
probable error becomes progressively greater.
Data with a turbulent boundary-layer length
between 8 and 14 inches (0.34<Re./Re;<0.60)
are shown with flagged symbols in the skin-friction
plots to denote that these data are not as accurate
as the higher Reynolds number data. As men-
tioned previously, data with a turbulent boundary
length of less than 8 inches (Re,/Re;<0.34) are not
reported. At Mach numbers other than 9.9 it is
estimated that for the unflagged data (Re,/Re.>>
0.60) the probable errors in Reynolds number are
less than 6 percent at the highest Reynolds num-
bers and less than 25 percent at the lowest Rey-
nolds numbers. At M,=9.9, these probable
errors are estimated to be less than 15 and 25
percent, respectively. Since the slope of a plot
of log O, against log Re, is approximately —1/5,
these errors correspond approximately to errors in
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7rof 1 and 5 pereent at Mach numbers other than
9.9, and 3 and 5 percent at AM,=9.9.

With subsonic flows, at the Reynolds numbers
tested, the virtual origin was upstream of the
farthest upstream orifice in the top plate. It is
believed that the virtual origin was not upstream
of the point assumed (beginning of the flat-plate
section) by any large amount since this would
have put the virtual origin in a rapidly converging
transition section (fig. 6). Tt is cstimated that
the probable error in Reynolds number for sub-
sonic flows was less than 15 percent.  This would
correspond to a probable error in 7y of approxi-
mately 3 pereent.

It is estimated that, for all Mach numbers, the
total probable error in the measured skin-friction
cocfficients is less than 5 percent at the highest
Reynolds numbers and less than 6 pereent at the
lowest unflagged Reynolds numbers.  No attempt
has been made to estimate the aceuracy of the
flagged points. With decreasing Reynolds num-
bers, these points become progressively less accu-
rate and tend to become erratic, as noted below in
the section, TEST RESULTS AND DISCUS-
SION. Thefact that the best accuracy is obtained
at the highest Reynolds numbers is probably
fortunate, since the highest Reynolds numbers are
in the regime of greatest interest.

Probable errors in boundary-layer thickness or
momentum thickness are estimated to be equiva-
lent to errors in Reynolds number and thus to have
approximately the same probable errors as Reyn-
olds number. The probable error in 6, then,
becomes greater at the lower Reynolds numbers.
In some cases simultancous profiles were taken
on cither side of the skin-friction element.  Span-
wise variations in 6 averaged approximatelv 12
percent and it is believed that transverse varia-
tions in the virtual origin location existed across
the test section width. The maximum spanwise
variation in 6 was 14 percent and occurred at a
low Reynolds number with a rapidly shifting
virtual origin (fig. 14).

TEST RESULTS AND DISCUSSION

The data presented show the effects of Mach
number and Reynolds number on local skin
friction with adiabatic conditions at the wall.
The effect on the coefficient of local skin friction
of varying the wall temperature was not included
in the scope of the present series of tests.  Since

this effect can be large under certain conditions
(ref. 19), the data as presented, should not be used
directly to estimate the coefficient of local skin
friction in a nonadiabatic boundary layer.

EXPERIMENTAL DETERMINATION OF THE EQUIVALENCE OF

AIR AND HELTUM IN THE TURBULENT BOUNDARY LAYER

The purpose of the first phase of the testing
program was to evaluate the equivalence of air
and helium in the turbulent boundary layer.
This was clearly necessary prior to setting up an
extensive testing program using helium at the
higher Mach numbers.  The evaluation of equiv-
alence was made from comparisons of skin frie-
tion and profiles for boundary layers in air and
helium.  The air boundary layver was at a free-
stream  Mach number of approximately 4.2,
whereas the helium boundary layver was at an
actual free-stream Mach number of approximately
3.25, or at an equivalent air Mach number,
M,, of approximately 4.2.  Since this comparison
is between helium and air at wind-tunnel tem-
peratures (7,=600° R), there is the previously
discussed mismatch in Z(7) between the two gases
in the boundary lavers (at the wall, ,E,,Mrzl..’}
Hugg,)-

Figure 16 shows the comparison of skin-friction
results obtained.  In figure 16(a) the comparison
is made between skin friction for air and helium
boundary layers as a function of the Reynolds
number based on free-stream viscosity and den-
sity, e, (which is the same as Re; at the skin-
friction element). It is scen that the loeal skin-
friction cocfficients for air and helium fall on
essentially one curve. In figure 16(h), where the
same comparison is made as a function of the
Reynolds number, Re,, based on wall viscosity
and density, the helium points fall a few percent
above the air points, but the agreement is still
reasonably good. Although the reasons for it
are not known, it seems clear that the skin-friction
data corrclate slightly better when Revnolds
number is based on free stream rather than on
wall properties. Consequently, the free-stream
Reynolds nember is used in the subsequent
figures.

Boundary-layer profiles for both air and helium
at an equivalent air Mach number of 4.2 and at
equal values of the free-stream Reynolds number
arc compared in figure 17. The profiles were
determined from surveys taken near the skin-
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Ficure 16.—Equivalence of air and helium turbulent skin
friction.

friction element. In some cases the profiles were
determined from surveys made simultaneously on
either side of the element. Data from these sur-
veys are shown plotted in figure 17 (a) and (b) and
are labeled north probe and south probe. Anaver-
age obtained between the probes is given in figure
17(c). It was reasonable to use this average
since the friction velocity, u., was calculated from
the shear sensed by the skin-friction element
(which was not at the exact location of either
probe).

The data in figure 17 show that the air and
helium profiles are almost identical. In parts (a)
and (b) of the figure, the small differences appear
primarily in the portions of the profiles near the

567524—61—4

wall. This is not surprising since with equal
free-stream Reynolds numbers there is a mismatch
near the wall in the dimensionless viscosities of
air and helium. In part (c¢) of the figure the
differences are greatest near the edge of the
boundary layer. This is a consistent result with
that of parts (a) and (b) because in part (c), y*
has been normalized on the basis of a wall quantity,
%,, and differences in the profiles should show up
most prominently away from the wall. Although
the air and helium profiles are very nearly the
same, the calculated values of the momentum
thickness, 8, do not correlate perfectly as shown by
the tabulation in figure 17. This variation in 6 is
of the same order as the traverse variation in 8 ob-
tained between the north and south probes and is
considered to be equivalent to a probable error
in the evaluation of Reynolds number, as noted
previously.

Despite the calculated differences in 8 values,
the data presented in figures 16 and 17 are consid-
ered to form an experimental verification of the
equivalence of air and helium in the constant
pressure turbulent boundary layer. The good
agreement between (', values, in spite of the
mismatch of %(7), indicates that the turbulent
skin-friction coefficient is not overly sensitive to
variations in #(7). This further implies that
values of turbulent C; in air are not particularly
sensitive to the temperature levels of the air and
that wind-tunnel data taken with air should be
practically valid for air in flight (with continuum
conditions). At the higher Mach numbers, wind-
tunnel data taken with helium should be valid
for air in flight since the #(T) match between
helium and flight air is better than the match
between helium and wind-tunnel air.

SKIN-FRICTION RESULTS

Using the concept of the equivalence of air and
helium in the turbulent boundary layer, skin
friction data were taken with air up to an equiva-
lent air Mach number of 4.2 and with helium at
the higher equivalent air Mach numbers. The
results, presented in several ways, are summarized
in figures 18 through 21, inclusive. Each curve
is labeled with its appropriate equivalent air
Mach number, M,.

As previously discussed, the coefficient of local
skin friction should be determined as a function of
the Reynolds number measured from the virtual




20

TECHNICAL REPORT R—82—NATIONAL AERONAUTICS AND SPACE ADMINISTRATION

1.0

o

/WV‘*-?‘ M
a

e

I
|
|
\
\
|
\
I

g, Survey
Gas  inches probe
o Air 0017 North ——
® He 0015 South
m He 0.013 North
| Re,=6.2x108
¢} ‘ ‘
0 1 ‘ W )
| -
8 :
,!/V
6 s
)y d
2zl
M me
Mo ® ©
4
8, Survey
Gas inches probe
o Air Q014 North
2 e He 0012 South
B He 0.013 North
Re,=35%106
(a)
0 4 8 12 16 20 24 28 32
}’/'9
M y
S T

Ficure 17.—Tiquivalence of air and helium turbulent houndaryv-laver profiles; M,=1.2,



TURBULENT SKIN FRICTION AT HIGH MACH NUMBERS AND REYNOLDS NUMBERS

1.0

Q—-Q-ro—o-q

o
o
Yps 8, Survey
Gas  ft/sec inches probe
o Air 2360 0017 North
e He 5430 0.015 South
® He 5430 0.013 North
Re,=6.2%108
T o Tre—O-1e
A\)
o/& -
A}@'
Pl
Uep, 8, Survey
Gas  ft/sec inches probe
o Air 2390 0.014 North
® He 5440 0.012 South
8 He 5440 0.013 North
Rey=35%108
(b) ‘
4 8 12 16 20 24 28
y/8
Lo Y
b) 75— vs. =~
( )Uoo Vs 9

Freure 17—Continued.

32

21




22

u*

26

24

20

24

22

20

TECHNICAL REPORT R—82—NATIONAL AERONAUTICS AND SPACE ADMINISTRATION

, — I .
v*=5.75 log Yy +5.00~ L
! hY |
A0
ol
PR
/ L
/ ° -
T
/| oW -
o~ [~
B
rd
o)
P
/
o © /
To A
o e // ety
o) / Ur, Y,
© / Gas Cr ft/sec  ft%/sec
/" o Air  0.00i27 116 000776
® He 0.001286 268 0.0102
- Re, = 6.2 %108
’/
| | 111 || 11! | | [ 1] ||
5 10 20 50 100 200 500 1000 2000 5000
.
- - ~
”~
—-—
»
o
4/@‘
~
e 64
o
&P
QQSJ%'
t 22
/ 8066 <
A N
o aa -1 - y*=5.75 log y*+5.10
1 -~
/ ;,O}
/ |
./
o /
-
o o)
8
/
/
l\
// ;_U-:yo
// v,
4 UTY 4]
',/ Gas Cr fr/sec  fté/sec
7/ o Air 0.000952 105 0.00175
- ® He 0.000936 240 0.00306
~ - 6
—= Re,=35%10
L
() Ll Lo ’ |1||||1 L
5 10 20 50 100 200 500 1000 2000 5000
Y
(e) u* vs. p*
Fictre 17—Concluded



TURBULENT SKIN FRICTION AT HIGH MACH NUMBERS AND REYNOLDS NUMBERS

origin, Re, (with the other parameters held fixed).
However, it is also of interest to observe the skin-
friction data as it was obtained, with the Reynolds
number length measured from a fixed point in the
wind tunnel. These data are presented in figure
18 with the Reynolds number, Re,, measured from
the nozzle throat. (For consistency, subsonic
Reynolds numbers were also measured from this
same location for this figure.) Figure 18 shows
the type of data obtained when the Reynolds num-
ber is not corrected for the location of the virtual
origin, and it also shows the transition characteris-
tics of the wind tunnel. The solid data points to
the left of the peaks show transition in process but
not completed; these points do not represent tur-
bulent data. The solid points to the right of the
peaks represent turbulent data, but with transi-
tion less than 8 inches ahead of the element center.
The solid points are not considered representative
of fully turbulent flows and are not shown on any

23

other figures. As mentioned previously the flagged
points represent turbulent data with transition
between 8 and 14 inches ahead of the element cen-
ter (Re,—Re,>0.40 Re;) and are of lesser accu-
racy than the high Reynolds number data with
transition farther upstream (unflagged points);
these points are also flagged on all subsequent
figures. The curves of figure 18 are not considered
to represent universal relationships between local
skin friction and Reynolds number since the flow
was not turbulent over the entire length on which
Reynolds number was based.

With the Reynolds number measured from the
virtual origin of the turbulent boundary layer, the
relationship between C; and Re, is the universal
one. The data are presented in this form in
figure 19. It is seen that the flagged points tend to
become somewhat erratic at the lowest Reynolds
numbers (which are difficult to determine accu-
rately as previously discussed). Itis thought that
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the unflagged points provide accurate values of
the coefficient of local skin friction for the Mach
numbers and Reynolds numbers at which the data
were obtained. The subsonic data are in close
agreement with the Karman-Schoenherr curve for
incompressible flow which has been included here
for comparison purposes.

The present data have been compared with that
taken by other investigators. The ranges of Mach
numbers and Reynolds numbers over which com-
parison was possible are shown in figure 20 in
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Ficure 20..—Comparison of direct force measurements of
turbulent skin friction.

which faired curves representing the present data
arc compared with faired curves representing data
taken by Schultz-Grunow (ref. 30), Smith and
Walker (ref. 4), and Coles (ref. 29). 1t is noted
that the comparison is reasonably good in all cases.
At M,=0.20, the present data and the subsonic
data of Schultz-Grunow and Smith and Walker
fall on almost the same curve.

In perhaps the most convenient form, the pres-
ent data are summarized in figure 21 showing the
ratio of the local skin-friction coefficient to the in-
compressible local skin-friction coefficient. (Kéar-
méan-Schoenherr) at the same Reynolds number,
Cy/Cy, as a function of Reynolds number, Re,.
Comparison of the levels of the curves shows the
large effect of Mach number on Cy]Cy. Any
Rexnolds number effect on Cy/Cy, for a given Mach

number can be scen to be small.  In examining the
unflagged points, it is difficult to discern any strong
Reynolds number trend within the scatter of the
experimental data. Tt appears that for all prac-
tical purposes, Cy/C;, can be regarded as inde-
pendent of Reynolds number.  This is the same
result as that previously obtained on bodies of
revolution by Chapman and Kester (vef. 18) over
a more limited range of test conditions.
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COMPARISON OF EXPERIMENTAL RESULTS WITH METHODS
OF CALCULATION

The experimental values obtained for the coeffi-
cient of local skin friction were compared with the
results of four methods of caleulating local skin
friction in the compressible turbulent boundary
layer: the 77 method (vef. 19), the method of Walz
(ref. 31), the Van Driest method using the Prandtl
mixing length (ref. 21), and the Van Driest method
using the Von Karman mixing length (ref. 32).
The four methods are not necessarily considered
“best” by the authors, but were seleeted as being
representative examples from the large number of
methods proposed for caleulating skin friction in
the compressible turbulent boundary layer. The
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Ficure 22.—Caleulated Cy/Cy; compared with experi-
mental Cy/Cy,.

comparisons are shown in figure 22, In calculating
the ordinate, (';/(";, the (', value in all cases was
taken as the Karman-Schoenherr value.

It is noted that of the four methods the 77 (in-
termediate enthalpy) method appears to give the
best fit to the experimental data. The 77 method
uses a means reference temperature to evaluate
the physical properties of the gas. It was origi-
nally used by Rubesin and Johnson (ref. 33) for
laminar flows and was adapted to turbulent flows
by Eckert, Sommer and Short, and others. The
constants used in the ealeulations are those deter-
mined by Sommer and Short (ref. 19).  (Constants
obtained by other investigators do not change the
results much.) It is seen that the experimental
data and the T caleulations agree reasonably well
although the trends with Reynolds number are
not in complete agreement.  The results of the 77
-aleulations are somewhat affected by the viscosity
temperature relationship used for the gas in the
boundary layer. This means that the results for
air and helium will differ slightly.  The results for
air are also affected by the temperature levels of
the air (7', or T',) since the dimensionless viscosity
temperature relationship for air depends on the
temperature level used. The 77 curves in figure 22
were caleulated for air at wind-tunnel tempera-
tures to compare with data taken at equivalent air
Mach numbers of 2.95 and 4.2; the 77 curves
were calculated for helium to compare with data
taken at equivalent air Mach numbers of 6.7 and
9.9. These caleulations correspond to the actual
running conditions in the boundary-layer channel.
The effects on the 77 results of different tempera-
ture levels (with air) and of changing from air to
helium are shown in figure 23.  On a pereentage
(but not absolute) basis, the spread of these o0y,
curves inereases with inerease in Mach number.

C'alculations of the coefficient of the local skin
friction by the method of Walz are also shown in
figure 22.  This is & semiempirieal integral method
that makes use of results obtained from calcula-
tions of incompressible flows. It is seen in the
figure that some values of (/" caleulated by
this method are higher and some are lower than
the experimental points, but, in all cases, they
increase with inereasing Revnolds number at a
given Mach number. This trend is not strong,
but the trend of the curves does not fit the ex-

perimental data closely. By a visual extrapola-

o
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tion, it can be seen that these calculated curves
will cross the curves of experimental data at some
Reynolds number.

As seen in figure 22, the values of C;/C;, calcu-

lated by the Van Driest method with Prandtl
mixing length run consistently higher than the
experimental data. Also the Cy/C; values fall

off fairly rapidly with increasing Reynolds num-
ber, whereas the experimental data do not indicate
this effect. Values calculated by the Van Driest
method with Von Karman mixing length are
considerably closer to the experimental data
(although still & little high), and the slopes of the
curves correspond more closely to the trend of the
data.

SUBSONIC DATA AND POSSIBLE ROUGHNESS EFFECTS

Subsonic data were taken principally to deter-
mine the accuracy and validity of the experimental
techniques used, since these data could be com-
pared with the well-known properties of the low-
speed turbulent boundary layer. Specifically, it
was desired to find out whether the supersonic
data could possibly contain any roughness effects.
It has been shown that high Mach number
boundary layers are less sensitive to roughness
than are subsonic boundary layers (vef. 34). The
subsonic and supersonic data were taken with
the same top plate and skin-friction element, so
that the roughness, if any, was invariant. Any
roughness effects, then, would appear most
strongly in the subsonic data. As is well known,
when appreciable roughness exists, the subsonic
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skin-friction curve should, with increasing Reyn-
olds number for a fixed length, diverge upward
from the curve for a smooth surface and eventually
become horizontal. As seen in figure 19, the
subsonic data exhibit no such roughness effects.
It is therefore believed that the supersonic data
are free of roughness effects.

BOUNDARY-LAYER PROFILES

Although the main purpose of this research was
to obtain and report skin-friction measurements,
it was clearly of interest also to secure some
boundary-layer profiles which would at least
provide a qualitative “look” at the boundary
layers being studied. Typical profiles are shown
in figures 24, 25, and 26, the coordinates in figure
24 being M/M . against y/6, the coordinates in
figure 25 being u/U, against y/8 for the same
profiles, while in figure 26 the same profiles again
were plotted with u* against y*.

The M/M., against y/6 plots in figure 24 repre-
sent data directly reduced from pitot traverses.
It is seen that all of the M/M,, profiles are some-
what similar in shape; however, some variation in
shape with change in Mach number can be seen.
A decrease in 6/8 with increase in Mach number is
readily recognized. Also it is seen that M/M.,, at
the edge of the sublayer decreases with an increase
in Mach number. In physical dimensions the
sublayer becomes thicker with an increase in
Mach number although this is not readily seen
from the normalized coordinates used in the plots.
No corrections were made to the pitot readings to
account for the fluctuating (turbulent) component
of velocity since it was felt that these corrections
would be small and would be less than the ex-
perimental scatter of the data. If these correc-
tions had been made, the Mach numbers near
the wall would have been reduced by a few percent
since the pitot probe senses values higher than the
time mean in turbulent flow. Also, as discussed
below, it is believed that the largest error by far,
is that of the distortion of the boundary layer due
due to the presence of the probe. As observed
previously in discussion of figure 17, a transverse
variation in the value of ¢ of approximately 11
percent can also be seen iv figure 24 (a) which shows
surveys taken on either side of the skin-friction
element. The profiles again fall together when
plotted on a y/8 basis.

The profiles in figure 25 convey essentially the
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boundary-layer velocity profiles,
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same information, in somewhat different form, as
the profiles in figure 24. The velocity, u, was
calculated from the pitot data by assuming a
constant total temperature (settling chamber
temperature) through the boundary layer. This
assumption, slightly in error, gives calculated
velocities as much as approximately 5 percent
too high near the wall (assuming the pitot Mach
number is correct). With profiles plotted on
a dimensionless velocity basis, the points are
more spread out necar the wall (in the sublayer)
than when plotted on an M/M,, basis, as most of
the velocity gradient occurs in the wall portion
of the boundary layer.

Also shown on each profile in figures 24 and 25
is a straight line from the origin with slope deter-
mined by the dircetly measured cocflicient of local
skin friction. (Where profiles from north and
south probles arc superposed, average values of 9
were used in calculating the slope of the straight
line.) Itis noted that with inereasing Mach num-
bers there is an incrcasing discrepancy between
the slope deduced from skin-friction measurements
and the apparent slope of the measured profiles.
This differenee is presumably not due to any
transverse nonuniformities in the flow as this
difference was sensed by probes on either side of
the skin-friction clement. It is believed that the
direct measurements of skin friction provide the
more accurate determination and that the ob-
served difference is largely due to the distortion of
the sublayer by the presence of the probe in the
sublayer. This effect may be three-dimensional,
with the slower streamlines near the wall being
displaced sidewards and the faster streamlines
(located away from the wall) being displaced to-
ward the wall. This could account for a probe
near the wall sensing higher velocities than would
normally be expected. Similar distortions in
turbulent incompressible flows have been observed
by a number of investigators. G. I. Taylor re-
ported on experiments with a Stanton tube show-
ing a Reynolds number effect on the distortion
(ref. 35). Von Docnhoff showed a similar Rey-
nolds number effect with a total pressure tube in
contact with a surface (ref. 36). There are very
few data for probes located away from the wall.
Young and Maas (ref. 37) made pitot measure-
ments in a wake, but their conclusion that the
streamline displacement is approximately one-
fourth of the probe diameter seems too small for

the turbulent boundary layer. As pointed out by
Von Docenhoff, the Young and Maas displacement
is not large enough to be consistent with values
measured at the wall (and it should also have a
Reynolds number dependence as determined from
measurements at the wall).

The apparent distortion of the boundary layer
near the wall observed by the authors is of the
same order of magnitude as that reported by
Taylor and Von Doenhoff. In noting the dis-
agreement between the measured profile slope
near the wall and the slope deduced from the skin
friction, it is felt that eaution should be exer-
cised in placing a high degree ot reliance on pitot.
data in compressible turbulent flows near a wall.

In ficure 26 the same data are plotted showing
u*=ufu, against y*=wyu.fv,. The north and
south probes are not distinguished in this figure,
and in the cases where two profiles were obtained
simultancously, average values of w and y were
used in caleulating u* and y*.  Also, because of
overcrowding, points near the outer edge of the
boundary layer were thinned out where necessary
for this figure. For purposes of comparison, the
curves, u*=y* and w*=5.75 logy*-+5.10 arc
shown in figure 26. The constants in the latter
equation (for incompressible flows) are obtained
from reference 38, In figure 26(g) are plotted one
profile for each Mach number, all at approximately
the same Reynolds number. It is seen that all of
these profiles have approximately the same shape.
With the small amount of data obtained in the
sublayer and at the edge of the sublayver, it does
not appear to be possible to distinguish a definite
trend with Mach number of the variation of »*
and y* at the edge of the sublayer.

If the profiles in figures 24 and 25 were to be
arbitrarily shifted to correspond to the measured
skin-friction values, a similar correetion would be
made in the * vs. y* profiles in figure 26. This
would correspond to the so-called Nikuradse shift
and would be of approximately the same order of
magnitude (ref. 39).  As reported in reference 39
Nikuradse arbitrarily shifted his «* vs. y* profiles
outward by a constant amount so that the points
nearest the wall would be consistent with the skin
friction. In the absence of data giving accurate
values of probe-induced distortion throughout the
boundary layer, it would appear that a shift of
the entire profile is not warranted. However, it
should be kept in mind that the portion of the
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0
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OO 1 . .
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2 ! L~ /’ 10. It is of interest to note that the slope of the
] 0 . . . . .
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-—— 'y . .
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4 By L" . the high Mach number turbulent profiles that were
3L i obtained, including the one shown in figure 27. It
2. would appear that the probe produces less distor-
A tion near the wall for transitional boundary-layer
7 profiles than for turbulent profiles. The explana-
0 | 2 3 4 5 6 7 8 on for this is 1ot know
y, inches tion for this 1s not known.

I'1cure 27.-—Comparison of laminar, turbulent, and tran-
sitional profiles.

profile near the wall becomes somewhat distorted
by the presence of a probe, and the data points
near the wall are probably not reliable while those

CONCLUSIONS

Skin friction was measured in constant-pressure,
adiabatie, turbulent boundary layers up to a
maximum Reynolds number of 100X10°% (at
M,=4.2) and up to a maximum equivalent air
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Mach number of 9.9. Air and helium were used
as test media. From the data obtained, the fol-
lowing conclusions have been drawn:

1. It is possible to set up equivalent, constant-
pressure, turbulent boundary layers using different
gases as test media. Measurements of skin fric-
tion taken with helium agree closely with those
taken with air when (y—1)M.? is the same for
the two gases and wall conditions are adiabatic.

2. The variation of the coefficient of local skin
friction as calculated by the 7’ method agrees

particularly well, while the Van Driest method
with Von Karman mixing length agrees reasonably
well with experimental data over the range of test:
conditions investigated.

3. The experimental data indicate that the
ratio, Cy/Cy, is essentially independent of Reynolds.
number.

Ames REsearcH CENTER
NATIONAL AERONAUTICS AND SPACE ADMINISTRATION
Morrerr FieLp, Carir., June 20, 1960




APPENDIX A

EXPERIMENTAL DETERMINATION OF TEMPERATURE RECOVERY FACTOR

- Adiabatic wall conditions in the turbulent
boundary layers were established experimentally
without actually knowing the temperature recov-
ery factor. However, it is of interest to calculate
the recovery factors as follows:

T{Lw_ Too
777'_71::7;' (A1)
In more convenient form:
%’(H%I'Mg)—l
n,="" (A2)

'Y—l 2
5 M2

Experimentally, the adiabatic wall temperature,
Tow, was taken as the existing wall temperature
prior to the run. The Mach number was known
prior to the run from previous measurements with
the given nozzle and test section geometry. The
total temperature, T, was adjusted before the

36

run by setting the desived temperature in the
heat exchanger. In operation the heat exchanger
held the T, constant within several degrees until
the heat capacity of the exchanger was used up,
at which time the 7', fell oft rapidly, and the run
was then terminated. The adiabatic condition
was determined by the constancy of the wall
temperature during the run. A 2° ¥ change in
wall temperature during a run was considered
allowable for adiabatic operation.

Values of T, were initially preset by calculation
from expected values of »,. Adjustments of T,
for subsequent runs were based on experience,
with constancy of wall temperature as the cri-
terion.  Recovery factors were then caleulated
from the acceptable values of T,

Recovery factors were 0.87 for air at M, valucs
of 2.95 and 4.2. For helium the recovery factors
were 0.86, 0.87, and 0.88 for A4, values of 4.2,
6.7, and 9.9, respectively.



APPENDIX B
ELECTRICAL CIRCUITRY OF THE SKIN-FRICTION ELEMENT AND SERVO

The electrical circuitry of the skin-friction
element and servo was designed and the equipment
constructed under the supervision of William J.
Kerwin of the Ames Research Center. The
skin-friction element transducer consists of two
variable inductors whose inductances are changed
in opposite directions by the motion of a mag-
netic armature (magnetic return piece) on the
disk (see figs. 8 and 9). The armature varies the
size of a small air gap and thus changes the reluc-
tance of the magnetic path.

Figure 10 shows the double balance a-c bridge
and associated circuitry wsed. The relations
necessary for balance are:

IJ1 R0+OlR
L. Rt (oK B
I R0+QR
n Ror(—aR ®2)
where
L, variable inductance of skin-friction element
coil No. 1
1, variable inductance of skin-friction element
coil No. 2

R, fixed resistances in the bridge

R total resistance of potentiometer No. 1 (con-
stant)

a fractional part of R

r; total resistance (variable) in skin-friction
element coil No. 1 (fixed) and partial resist-
ance of potentiometer No. 2 (variable)

r, total resistance (variable) in skin-friction
element coil No. 2 (fixed) and partial re-
sistance of potentiometer No. 2 (variable)

Since the inductances are approximately inversely

proportional to the air gap spacing, one can write:

K,
= B
L=t (B3)
e
L, gOI_(g (B4)

where

g, gap spacing with the element disk in the
neutral position

g variation in gap spacing from the neutral
position

K, constant of proportionality

Equation (B1) then reduces to:
Ro_l“aR

S8 B5
2+g Rot+(1—a)R (B5)
Solving for « one obtains
1 (RE2R,
) 2g.R > (B6)
where
_R+2R,
Ko= 2¢,R

Thus the reading of a counter connected to poten-
tiometer No. 1 is directly proportional to the
change in the gap spacing in the skin-friction
element.

The bridge balance is accomplished by an auto-
matic dual balance servo. One servomotor is
connected to potentiometer No. 1 and is driven so
as to null the component of bridge output voltage
in quadrature with the applied bridge voltage,
this component being introduced primarily by
inductive unbalance of the bridge (eq. (B1)). A
second servomotor is connected to potentiometer
No. 2 and is driven so as to null the component
of bridge output voltage which is in phase with
the applied bridge voltage, this component being
introduced primarily by resistance unbalance of
the bridge (eq. (B2)). A 3000 count dial con-
nected to the shaft of potentiometer No. 1 indicates
the displacement of the disk in the skin-friction
element.
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